Abstract. The paper reports a free-breathing black-blood CINE fast-spin echo (FSE) technique for measuring abdominal aortic wall motion. The free-breathing CINE FSE includes the following MR techniques: 1) variable-density sampling with fast iterative reconstruction; 2) inner-volume imaging; and 3) a blood-suppression preparation pulse. The proposed technique was evaluated in eight healthy subjects. The inner-volume imaging significantly reduced the intraluminal artifacts of respiratory motion (p = 0.015). The quantitative measurements were a diameter of 16.3 ± 2.8 mm and wall distensibility of 2.0 ± 0.4 mm (12.5 ± 3.4%) and 0.7 ± 0.3 mm (4.1 ± 1.0%) for the anterior and posterior walls, respectively. The cyclic cross-sectional distensibility was 35 ± 15% greater in the systolic phase than in the diastolic phase. In conclusion, we developed a feasible CINE FSE method to measure the motion of the abdominal aortic wall, which will enable clinical scientists to study the elasticity of the abdominal aorta.
Introduction
Aortic distensibility is increasingly considered a potential prognostic parameter of cardiovascular disease (Nelson et al , 2009; Paraskevas et al , 2009; Redheuil, 2014; Soljanlahti et al , 2008) . Reduced elasticity is observed in patients (Baumgartner et al , 2006; Hickson et al , 2010; Seo et al , 2009; Tsamis et al , 2013; Voges et al , 2012) as a result of abdominal aortic aneurysms (Abbas et al , 2015; Hall et al , 2000) , hypertension, smoking (Ohyama et al , 2016) , ageing (Langham et al , 2015; Sakuragi and Abhayaratna, 2010; Taviani et al , 2011) , and diastolic heart failure (Hundley et al , 2001 ). Non-contrast enhanced MRI plays a versatile role in aortic wall imaging, since brightblood and black-blood MR pulse sequences together provide mutually complementary information. While bright-blood imaging excels in indicating the intraluminal pathology and abnormal blood flows, the black-blood spin echo sequence is the standard MR sequence for evaluating pathological changes in the aortic walls, such as intramural hematoma (Nienaber et al , 2009 ), wall thickening, and aortic dissection (Donati et al , 2015; Nienaber and Powell, 2011) .
Time-resolved CINE imaging acquires images at multiple time points to depict the aortic wall dynamics over the cardiac cycle. Current available CINE imaging relies on bright-blood fast gradient echo sequence, with a short repetition time (TR), to enable multiple cardiac phases to be efficiently acquired. Bright-blood CINE imaging clearly demonstrates the intraluminal blood flow, revealing the aortic wall by a negative contrast. In bright-blood CINE imaging, a dark area surrounding the lumen is identified as the aortic wall. For quantitative measurements, however, this negative contrast of the aortic wall can be influenced by pulsatile fluctuations and turbulence in blood flows. The alternative black-blood CINE imaging can directly visualize the aortic wall because intramural pathological changes can be identified without the partial volume effects from intraluminal flow signal. Black blood CINE imaging was achieved through the use of customized ECG-gated gradient echo sequences with spatial saturation pulses (Taviani et al , 2011) ; however, the boundary definition can be poor in diastole.
CINE FSE of the abdominal aorta may be less susceptible to inaccuracies due to pulsatile fluctuations and turbulence in blood flows. Unlike bright-blood CINE imaging, however, blackblood CINE FSE is not readily available as a common clinical sequence for measuring the aortic wall motion. Two problems related to dual triggered CINE FSE have been recognized. First, CINE FSE with the constant long TR is less efficient than the short TR CINE gradient echo sequence when multiple cardiac phases must be acquired. It is inefficient to acquire a targeted cardiac phase in coincidence with the fixed TR interval. Thus, ECG-triggered CINE FSE is slower than CINE gradient echo sequences for time-resolve CINE imaging. Second, respiratory motion artifacts pose another challenge because prospective triggering leads to varying TR intervals. Retrospective respiratory gating faces a similar problem related to long TR. This paper describes the development of a free-breathing black-blood CINE FSE method for measuring abdominal aortic wall motion. Recently, CINE FSE sequences have combined variabledensity sampling with advanced reconstruction methods (Boesen et al , 2015; Mendes et al , 2011) to perform black blood CINE imaging of the carotid artery. This study implemented a similar variabledensity sampling strategy (Boesen et al , 2015; Mendes et al , 2011) to allow efficient acquisitions, together with inner volume excitation (Feinberg et al , 1985) and improved blood suppression to allow free-breathing black-blood CINE FSE of the abdominal aorta. In addition, reconstruction speed was improved through parallel computing. The distensibility of the abdominal aortic wall was obtained from the black-blood CINE FSE sequence. The free-breathing CINE FSE sequence was also compared with the standard bright-blood CINE balanced steady state free precession (bSSFP) and CINE RF-spoiled gradient echo sequences.
Materials and Methods
The schematic diagram of the free-breathing CINE FSE is shown as Figure 1 . Each component is detailed in the following sections. Schematic diagram of the free-breathing CINE fast-spin echo (FSE) for measuring abdominal aortic wall motion. Photoplethysmography (PPG) and MRI raw data are concurrently acquired. Raw data are reordered according to the PPG (See Figure 4) . After iterative reconstruction, the crosssectional area changes between the systolic and diastolic phases are measured ( Figure 6 ).
Pulse sequence
Free-breathing CINE FSE is illustrated in Figure 2 . An FSE sequence was modified to include: 1) delay alternating with nutation for tailored excitation (DANTE) (Li et al , 2012) pre-pulse for flow suppression, 2) inner-volume excitation, and 3) variable-density sampling.
The DANTE pre-pulse employs multiple small angle excitation and dephasing gradients with a short time delay (Td) of 100 ms. Each DANTE pre-pulse was added before the 90°excitation pulse. Lipid suppression is optional: when lipid suppression is turned on, an inversion pulse is added behind DANTE and ahead of the 90°excitation pulse.
A 90°Shinnar-Le Roux (SLR) radio frequency pulse (Pauly et al , 1991) with less than 0.1% ripple in the pass band and stop band was employed to generate an orthogonal excitation plane (Figure 3 ). The duration of the SLR pulse was restricted to 3.2 ms to maintain the original interecho spacing. The width of the SLR excitation region was controlled by the gradient strength (Gy in Figure 2 ). Banding artifacts from the DANTE and SLR pulses were eliminated by crusher gradients.
Reduced FOV acquisition has been accepted as an effective method of suppressing the residual respiratory artifacts in thoracic and abdominal MRI. Although there are subtle superior-inferior movements in the descending aorta (Clough et al , 2011) , we found that such minor aortic (A) Sequence diagram for free-breathing, inner-volume CINE FSE, including the DANTE pre-pulse, inner-volume excitation (90°SLR pulse) and variable-density acquisition. The preparation time for the DANTE (Td) was 100 ms. (B) Lipid unsuppressed CINE FSE (upper) and lipid suppressed CINE FSE (lower). If lipid suppression is turned on, an inversion pulse is added between DANTE and 90°SLR pulse.
movements rarely cause visible respiratory motion artifacts. In other words, the abdominal aorta is effectively static and is free of motion artifacts. Variable-density sampling changes the phase encoding by using a predetermined view table. As the sampling density is uneven (see Figure 4 (B)), the view table is randomized. Figure 4 illustrates the concept of variable-density sampling, which retrospectively constructs the sparse k-space domain and time domain (k y − t) for the subsequent image reconstruction. The variable-density sampling method based on Mendes et al. (Mendes et al , 2011) was already established, and we doubled the number of excitations to 88 to increase the signal-to-noise ratio (SNR) around the abdominal aorta. The sampling density is higher at the center of the k-space than the peripheral k-space: the center of the k-space has 24 temporal samples, and there are 96 samples distributed across the -2 and +2 lines. The density of center of k-space is sufficient for the reconstruction of 16 cardiac phases.
Retrospective photoplethysmography (PPG) gating
The PPG waveform was simultaneously acquired from the middle finger of each subject. At the end of acquisition, the acquired raw data were correlated with the PPG waveform data, and each phase encoding was given a value of t, which stands for the cardiac phase. This sparse sampling Elimination of respiratory motion artifacts using the proposed inner-volume CINE FSE. The innervolume excitation excludes the respiratory motion from the anterior abdominal wall. Therefore, the abdominal aortic wall motion can be imaged using the CINE FSE method. Reduced FOV reconstruction saves the computation time. Data reordering and variable-density sampling. (A) Retrospective PPG gating implemented in CINE FSE. The raw data were correlated with the PPG data, generating a sparse k y − t space with variable density. This technique does not require prospective cardiac gating. Instead, each k-line was given a temporal value t according to its position in relation to the cardiac cycle. The dotted line indicates the center of the phase encoding. (B) The variable-density phase encodings (k y ) provide sufficient temporal resolution and efficient acquisition.
scheme in the k y − t domain is equivalent to an acceleration factor of 3.88.
Reconstruction of sparse data
The undersampled k y − t space induces abrupt variations along the spatial and temporal axes, which could be eliminated by enforcing spatial and temporal smoothness (called regularizations).
However, a routine FFT does not allow for spatial and temporal regularizations, and an iterative algorithm is needed for regularization purposes. The implemented reconstruction was based on the method proposed by Mendes et al. (Mendes et al , 2011 ) and the temporally constrained reconstruction (Adluru et al , 2007) . A slight difference between previous work and this study is that we added the spatial regularization terms. The iterative conjugate gradient reconstruction algorithm solves the following equation:
where m(x, y, t) is the result of temporal frames in CINE FSE, D is the raw data acquired in the k x − k y − t space, F is the imaging encoding that maps CINE images m(x, y, t) to the k x − k y − t space, and R is the variable-density sampling pattern retrospectively obtained from the PPG. Note that in Equation 1 coil sensitivities have been incorporated into the encoding matrix. The partial derivative ∇ t is the temporal gradient. The temporal regularization is weighted by constant λ t . ∇ x and ∇ y are image gradients along the x and y directions and are weighted by λ x and λ y . To limit temporal blurring, we designated λ t = 0.1, and λ x =λ y = 0.003. Although the temporal constraint in this study was a constant that was lower than the values provided in Mendes et al. (17) , the current reconstruction was modified for sufficient temporal resolution and SNR, making the images appropriate for the subsequent measurements. The typical conjugate gradient method uses the following gradient term during iterations:
where ∆ t , ∆ x , and ∆ y indicate the discrete Laplacian operators. Here, the spatio-temporal Laplacian was implemented by multiplying the k − f data by the modulation kernel, which is the 3D fast Fourier transform (FFT) of the standard 3D discrete Laplacian operator. Note that Equation 2 can be applied to the inner-volume CINE FSE with an rFOV. Figure 5 validates the effects of the iterative algorithm with spatial and temporal regularizations. The results after the 1st and 60th iterations were compared with the final result after 200 iterations. The difference images of the 60th iteration show fewer artifacts than the 1st iteration.
Accelerated reconstruction
One issue associated with iterative image reconstruction is the long run time. We implemented a fast algorithm, which is one order of magnitude faster than the generic version. See the Appendix for details of the accelerated implementation.
In vivo imaging
Eight healthy subjects (4 males and 4 females; 30 ± 6 years old) provided written informed consent for this ethically approved technical study. The experiments were conducted using a 1.5T scanner The convergence of the implemented reconstruction (A) 4 images selected from 16 cardiac phases after the 1st FFT (upper row) and images of the difference (lower row) between the 1st and the 200th iterations; (B) 4 images selected from 16 cardiac phases after the 60th iterations (upper row) and images of the difference (lower row) between the 60th and the 200th iterations. The undersampling artifact, due to sparse k y − t space, is eliminated after a certain number of iterations.
(MR450, GE Healthcare) and a 3T scanner (MR750, GE Healthcare) using 8-channel cardiac arrays. The scanning parameters were TR = 2500 ms (therefore, the total scan time was 88 × TR = 3:40); effective TE = 51 ms; echo train length = 12; FOV = 28 cm × 28 cm; matrix size = 512 × 256; and inter-echo spacing = 7.8 ms for 1.5T and 9.5 ms for 3T.
Transverse CINE FSE images were obtained for the abdominal aorta at the level of the kidney. The simple superior-inferior pattern of motion during respiration was previously validated with subjects lying supine. Therefore, 15% of the phase FOV was sufficient to eliminate the respiratory artifacts from the abdominal wall.
The in vivo study compares the full FOV CINE FSE and inner-volume CINE FSE. As illustrated in Figure 2 , two sequences only differ in the excitation methods. Both the DANTE pre-pulse and variable density sampling were kept identical.
Comparison of free-breathing CINE FSE and bright-blood CINE MRI
The free-breathing CINE FSE was compared with two bright-blood CINE MRI sequences: (a) breath-hold CINE fast imaging employing steady-state acquisition (FIESTA, GE Healthcare), and (b) the dual-trigger flow-compensated CINE RF-spoiled gradient recalled (SPGR) echo. To allow fair comparison between the three sequences, respiratory control in bright-blood CINE MRI was performed and the slice locations were identical to CINE FSE. Three participants aged 22 ± 2 years without cardiovascular disease or smoking history were scanned on a 3T scanner (Discovery MR750, GE Healthcare) using an 8-channel cardiac array. The CINE FIESTA data with unsuccessful breathhold were discarded. The parameters for CINE FIESTA were: TR: 3.978 ms; TE: 1.732 ms; matrix size: 256 × 256; flip angle: 35°; slice thickness: 5mm; 16 cardiac phases; the total acquisition time of 4 slice positions was 8 minutes. Breath-hold CINE FIESTA required the subjects to hold their breath for 20 seconds and then rest until the pulse rate returned to normal before the next slice position was scanned. Free-breathing CINE SPGR has the following parameters: TR: 5.868 ms; TE: 2.9 ms; matrix size: 256 × 256, flip angle: 50°; 16 cardiac phases; slice thickness: 5mm. Respiratory triggered CINE SPGR allows free-breathing acquisitions; the respiratory triggering window was 20% at the end of expiration.
Image evaluation
Both the CINE FSE and the inner-volume CINE FSE used the DANTE blood suppression pulse. Therefore, the reduced intraluminal signal can be attributed to the reduction of respiratory motion artifacts. Because respiratory motion artifacts temporally fluctuate along the phase (y) direction (the anterior-posterior, AP axis), the intensity of intraluminal signal was measured from the y − t plane (similar to M-mode image of ultrasound). The signal intensity within 80% of the intraluminal area was measured. To compare the different residual intraluminal signals between inner-volume and full FOV CINE FSE, non-parametric Wilcoxon signed-rank test (MATLAB version 2014a, The MathWorks, Inc., Natick, MA, USA) was used.
Distensibility of the abdominal aortic wall
The quantitative measurements of the abdominal aortic distensibility were obtained from the improved inner-volume CINE FSE. The wall motion was defined by the anterior-posterior between the peak systolic phase and the diastolic position. The cyclic changes of the cross-sectional area were manually quantified using a customized MATLAB program . As can be seen in Figure 6 , the area is plotted by smoothing a line passing through multiple nodes selected from the lumen-intima boundary. The maximum or minimum cross-sectional areas across the 16 cardiac phases are designated as the peaked systolic or diastolic phase, respectively. Figure 7 (A), the full FOV CINE FSE had severe respiratory motion artifacts that overlaid the CINE images. The inner-volume CINE FSE method reduced such respiratory motion artifacts and improved the visualization of the aortic walls. This improvement was further confirmed by the statistical results (Figure 7(B) ). The inner-volume CINE FSE method eliminated 66% of intraluminal artifacts, which significantly improved the image quality (p = 0.015). The multiframe animation of Figure 7 (A) is available at https://github.com/jyhmiinlin/cineFSE and in the Supplemental Material on the publisher's website.
Results

As shown in
One advantage of inner-volume CINE FSE is its accelerated reconstruction speed. Two reconstruction FOVs resulted in visually identical aortic cross-sections in the static transverse images (Figure 8(A) ). The M-mode images shown in Figure 8 (B) confirmed similar results between these two reconstruction methods. (A) The two cardiac phases of the abdominal aorta. Apparent respiratory motion artifacts from the outer volume can be clearly observed in the full FOV CINE FSE (arrows), while the inner-volume CINE FSE has no such artifacts. The inner-volume CINE FSE shows superior image quality and fewer respiratory motion artifacts inside the lumen of the abdominal aorta. (B) The statistical comparison between the full FOV CINE FSE and the inner-volume CINE FSE shows that the latter eliminated 66% of the intraluminal artifacts. The mean diameter of the abdominal aorta for the eight volunteers was 16.3 ± 2.8 mm, which is within the normal range reported for healthy subjects (Morrison et al , 2009) . As shown in Figure  9 (A), the distensibility of the cross-section area was 35 ± 15% greater in the systolic phase than in the diastolic phase; this change is slightly higher than the previous value for healthy subjects (30.3% reported in (Adams et al , 1995) ). Figure 9 (B) shows the aortic wall distensibility of 2.0 ± 0.4 mm (12.5 ± 3.4%) and 0.7 ± 0.3 mm (4.1 ± 1.0%) for the anterior and posterior aortic walls, respectively. The anterior wall displacement was 3.3 ± 1.2 times greater than the posterior wall displacement, which is in agreement with the range of 2.47 to 4.03 previously reported in the literature (Goergen et al , 2007) . Figure 10 compares the black-blood CINE FSE with bright-blood CINE FIESTA and brightblood CINE SPGR. The healthy subject can breath-hold during CINE FIESTA and respiratory triggering is successful in CINE SPGR. The imaging plan is slightly inferior to celiac trunk, and bright-blood CINE MRI is sensitive to the turbulent flows at the systolic phase. Black-blood CINE FSE reduces the flow signals and is immune from such systolic turbulent flows. The animations for these three images can be viewed in the Supplemental Material on the publisher's website.
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Discussion
We have developed a free-breathing black-blood CINE FSE which is insensitive to fluctuations in blood flow and respiratory motion artifacts. This technique may be useful when examining subjects with diminished breath-holding capability. Previous dual-triggered black-blood CINE FSE faces such problems as prolonged scanning times and irregular respiratory patterns with a variable acquisition window (Zho et al , 2010) . Breath-hold is not required for CINE FIESTA of the aorta when the phase encoding direction is left-right. However, CINE FSE is sensitive to respiratory motion artifacts, and a free-breathing CINE FSE seems to be immune from issues related to respiratory triggering or repeated breath-hold.
The currently available technique of ECG-gated, fully sampled CINE FSE would take a scanning time approximately 16 times longer than static FSE. Unlike fully sampled CINE FSE, variable-density sampling can be performed within a scanning time only 2 -4 times longer than static FSE imaging (Mendes et al , 2011) . This scanning time was tolerable for all the healthy subjects in this study. Results from healthy subjects showed that free-breathing CINE FSE can measure the aortic wall motion even when the subjects were allowed to breathe normally. Given that dual triggering may not be successful for patients who exhibit irregular respiratory patterns, free-breathing black-blood CINE MRI is a useful technique for measuring aortic wall motion in these clinical conditions.
The measured aortic distensibility aligned closely with the values reported in the literature (Adams et al , 1995; Goergen et al , 2007) . This study confirmed the asymmetrical distensibility of aortic wall motions in healthy subjects, which was observed in an ultrasound study (Goergen et al , 2007) and an ECG-gated, bright-blood CINE balanced fast gradient echo study (Van Prehn et (A) Cyclic area changes. The cross-sectional area of the systolic phase was 35 ± 15% greater than that of the diastolic phase. (B) Asymmetrical differences in aortic wall motion. The anterior wall motion was greater than that of the posterior wall by a factor of 3.3. The difference between the anterior and posterior walls was statistically significant (p = 0.008). (A) Free-breathing, black-blood CINE FSE was compared with (B) bright-blood CINE FIESTA with breath-hold, and (C) bright-blood CINE SPGR with respiratory triggering. The white arrows show low signal areas in the abdominal aorta, probably due to turbulent flows near the celiac trunk. Dual triggering may still suffer from motion related artifact from incoherent/inconsistent respiratory motion. Animations can be seen in Supplemental Material on the publisher's website.
al , 2009). In addition, the cyclic changes of aortic cross-sectional area were also consistent with the values previously revealed by ECG-triggered CT (Ganten et al , 2008) . Several potential improvements may increase the time efficiency of the free-breathing CINE FSE technique. However, our proposed free-breathing concept and reconstruction technique are still applicable to these improved techniques. Multi-slice inner volume excitation (Wargo et al , 2013) would be able to acquire the aortic wall motion of 6 -12 slices in 3 minutes 40 seconds. It is also possible to further optimize the spatial resolution or acquisition times of the free-breathing CINE FSE technique, but at the expense of lower SNR. Beyond the Cartesian k-space with variabledensity sampling, non-Cartesian radial k-space is a more robust option for free-breathing self-gating segmented gradient echo acquisitions (Larson et al , 2004) ; still, three practical issues specific to radial CINE FSE are yet to be resolved. First, radial CINE FSE is not available on the current MRI scanners because variable T2 contrast and T2 reweighting influence the image quality (Altbach et al , 2002) . Second, radial CINE FSE including the temporal axis is more computationally demanding and requires the non-uniform fast Fourier transform (NUFFT). Third, across a cardiac cycle, the blood signal of CINE FSE remains constantly black, which may not be ideal for the self-gating technique.
The diagonal dominant matrix in Equation 2 shows a practical way to partition a single problem into multiple smaller subproblems. If data are properly partitioned, this reduced FOV reconstruction also allows for parallel computing, which may further reduce the total computation time. Depending on the anatomical location of the organ, the k y − t sparse acquisition/reconstruction can be applied to a reduced FOV without the long computation time needed for full FOV reconstruction. A similar rFOV reconstruction has recently been proposed to accelerate iterative non-Cartesian reconstructions (Lin et al , 2015) .
Conclusions
The free-breathing CINE FSE is a feasible method for measuring abdominal aortic wall motion. The measurements of the abdominal aortic wall motion are in agreement with previously published values.
